Enantiomers of triaziflam and structurally related diaminotriazines were synthesized and their herbicidal mode o f action was investigated. The compounds caused light and darkdependent effects in multiple test systems including heterotrophic cleaver and photoautotrophic algal cell suspensions, the Hill reaction o f isolated thylakoids and germinating cress seeds. Dose-response experim ents revealed that the fSj-enantiomers of the compounds pref erentially inhibited photosystem II electron transport (PET) and algae growth with efficacies similar to that of the herbicide atrazine. In contrast, the (R )-enantiomers of the diaminotri azines were up to 100 times more potent inhibitors of growth in cleaver cell suspensions and cress seedlings in the dark than the (S)-enantiomers. The most active compound, the (R)-enantiomer of triaziflam, inhibited shoot and root elongation of cress and maize seedlings at concentrations below 1 (j.m. The meristematic root tips swelled into a club shape which is typical for the action of mitotic disrupter herbicides and cellulose biosynthesis inhibitors. Microscopic examination using histochemical techniques revealed that triaziflam (7?)-enantiomer blocks cell division in maize root tips 4 h after treatment. The chromosomes pro ceeded to a condensed state of prometaphase but were unable to progress further in the mitotic cycle. Disruption of mitosis was accompanied by a loss o f spindle and phragmoplast micotubule arrays. Concomitantly, cortical microtubules decreased which could lead to isodiametric cell growth and consequently to root swelling. In addition, a decline in cellulose deposition in cell walls was found 24 h after treatment. Compared to the (7?)-form, triaziflam (S)-enantiomer was clearly less active. The results suggest that triaziflam and related di aminotriazines affect enantioselectively multiple sites o f action which include PET inhibitory activity, mitotic disruption by inhibiting microtubule formation and inhibition of cellulose synthesis.
Introduction
The herbicide atrazine (8, Table I ) belongs to the class of 2,6-diamino-4-chloro-l,3,5-triazines which are inhibitors of photosystem II electron transport (PET) through binding to a specific site at the D l-protein (Fuerst and Norman, 1991) . In the five decades since their discovery, many attempts have been initiated to synthesize new types of triazine derivatives with improved proper ties. Thirty years since the introduction of atrazine, triaziflam (1, Idetop®, M asahiro e t a l., 1990) was commercialized for weed control in turf. The use of fluorinated alkyls in the 6-position of 1,3,5-tri-A bbreviations: PET, photosystem II electron transport. azine (9) is known since 1974 (Cross and Feeny, 1974) . In this context, 6-fluoroisopropyl seems to be more appropriate than 6-trifluoromethyl (4, 5) . In addition, the oxygen in the sidechain of tri aziflam has been proved to be not essential for the herbicidal activity (6, 7; Riebel et al., 1999) . Triaziflam (1) also contains a chiral C-atom in the sidechain. Omokawa and Konnai (1992) found dif ferent modes of action of enantiomers of a-phenylethylamino-triazines (10, 11). The (5')-isomers were potent inhibitors of PET, whereas the (R )-isomers suppressed root growth in the dark (O m o kawa and Konnai, 1992; Omokawa et a l., 1994). However, studies on the mode of action of triazi flam and its enantiomers (2, 3) have not been pub lished in the standard herbicide literature so far. This also applies for the triaziflam analogues 4 -7 . Therefore, we have synthesized these diaminotriazines to investigate their herbicidal mode of ac tion using selected bioassays, the Hill reaction of isolated thylakoids and microscopic examination of changes in cell division processes. Fig. 1 ). The latter compound was pre pared in the following way. A solution of 26.9 g (0.15 mol) (2/?)-l-(3,5-dimethylphenoxy)propan-2-amine in 150 ml 1,2-dichlorobenzene was satu rated with gaseous HC1. A fter stirring for 1 h at 25 °C excess HC1 was removed by bubbling dry nitrogen into the mixture. A fter adding 12.6 g (0.15 mol) N-cyanoguanidine, the suspension was heated to 145 °C and kept at this tem perature for 4 h. A fter cooling to 25 °C, the solid was titurated with tert-butyl methyl ether and isolated (yield: 38 g (85%); Fp: 172 °C). Then, 10.8 g (0.06 mol) of 30% (w/w) m ethanolic N aO C H 3 was added dropwise at 0 -5 °C to a suspension of 6 g (0.02 mol) of (l^)-2-(3,5-dim ethylphenoxy)-l-m ethylethylbiguanide hydrochloride (A, Fig. 1 drous methanol. While the mixture was kept at 0 -5 °C, 7.2 g (0.06 mol) of methyl 2-fluoro-2-m ethylpropanoate was added dropwise. A fter stir ring for 4 h at 25 °C, the mixture was heated to reflux for 6 h. M ethanol was removed by distilla tion in vacuo and the residue was dissolved in ethyl acetate and washed with water. A fter drying over anhydrous sodium sulfate, the solvent was re moved and the residue was purified by silica gel chromatography (eluent: tert-butyl methyl ether) yielding 2 (4.8 g, 72%) as an am orphous solid. The structure of 2 was determ ined by NMR. Table I ) was synthesized in an analogous m anner (am or phous solid, yield: 57%).
M aterials and Methods

Chemical synthesis
Synthesis of triaziflam (
Synthesis of com pound 4, A^-[(l/?)-2-(3,5-dimethylphenoxy)-l-methylethyl]-6-(trifluorom ethyl)-l,3,5-triazine-2,4-diamine, and 5 (Table I) started with known 2,4-bis(trichloromethyl)-6-(trifluorom ethyl)-l,3,5-triazine (C) which resulted from the reaction of 2,2,2-trichloro-N-(2,2,2-trichloroethanimidoyl)ethanimidam ide (B) with trifluoroacetic anhydride (Backer and Wanmaker, 1951; Fig. 2) . Then, com pound C reacted with (2/?)-l-(3,5-dimethylphenoxy)propan-2-amine to give (Fig. 3) . Subsequent ammonolysis of D yielded com pound 4 (95%). In detail, compound B was synthesized by slowly adding 34 g (0.5 mol) of 25 % aqueous ammonia to 144.5 g (1 mol) of trichloracetonitrile at 0 °C (Fig. 2) . A white solid precipitated after 1 h of stirring at 0 °C. After additional stirring for 2 h, 500 ml of diethylether was added to obtain a solu tion. The organic phase was separated and dried over sodium sulfate. Evaporation of the ether at 5 °C resulted in a white solid (260.4 g, 85% yield; m.p. 30 °C). Compound C was prepared by adding 378 g (1.8 mol) trifluoroacetic anhydride dropwise to a solution of 260.4 g (0.85 mol) compound B in 200 ml toluene at 25 °C (Fig. 2 ). The reaction mixture was then heated to reflux for 5 h. Evapo ration of toluene resulted in an oil which was dis tilled under reduced pressure: bp: 7 4 -7 6 °C/ 0.3 mm. Yield: 280 g (86%). The product crystal lized while standing. Com pound D was synthe sized by adding 3.58 g (20 mmol) (2i?)-l-(3,5-dimethylphenoxy)propan-2-amine dropwise to a solution of 7.68 g (20 mmol) compound C in 75 ml TH F at 25 °C (Fig. 3) . A fter 16 h of stirring at 25 °C, the reaction was complete (tic). TH F was i-l,3,5-triazine (C) to 6 -trifluoromethyl deriv-removed by distillation in vacuo and the residue was dissolved in 100 ml of hexane. The solution was washed with 5% HC1 (lx ) and water (3x). A f ter drying over sodium sulfate hexane was re moved by distillation. Oil, yield: 8.34 g (94%).
The following reaction resulted in compound 4 (Fig. 3) . Here, 2.22 g (5 mmol) compound D were dissolved in 20 ml ammonia (20% ,w/w, in m eth anol) and stirred for 16 h at 25 °C. The methanol was removed and the residue re-dissolved in 50 ml diethylether. A fter washing with 10% aqeuous citric acid and water, the organic phase was dried over sodium sulfate and evaporated (amorphous solid, yield: 1.62 g, 95%). In the same manner, N 2-
Compounds 6 and 7 (yield 53%) were prepared analogous to the procedure described for com pounds 2 and 3 (Fig. 1 ). The enantiomers of l-m ethyl-3-phenylpropylamine were synthesized according to Riebel et al. (1998) .
Stock solutions of the chemical compounds in acetone were diluted 100-fold in the biological tests.
A lgae bioassay
Cells of Scenedesmus acutus (Culture Collection G öttingen, 276-3a) were propagated photoautotrophically (Grossmann et al., 1992) . The bioassay was carried out in plastic microtitre dishes con taining 24 wells (Grossmann et. al., 1992; Grossm ann and Retzlaff, 1997) . Before loading the wells with 0.5 ml cell suspension each, 0.5 ml medium and compound in acetone solution were added, allowing sufficient time for the organic solvent to volatilize. The 15 additional compartments be tween the wells were filled with sodium carbonate/ bicarbonate buffer. The dishes were sealed with plastic lids and incubated on a shaker under con tinuous light at 23 °C. After 24 h, growth was m easured photometrically.
Heterotrophic cell suspension bioassay
Freely suspended callus cells from Galium mollugo (DSM Collection of Plant Cell Cultures, Braunschweig, Germ any) were cultivated in a modified Murashige-Skoog medium and the bioas say was perform ed as described previously (Grossmann et al., 1992). The cells were subcultured at seven-day intervals. Acetone solutions of the com pounds were pipetted into plastic tubes and the solvent allowed to evaporate before adding 2 ml of exponentially growing cell suspensions. The tubes (three replicates) were shaken at 400 rev m in-1 and 25 °C in the dark on a rotary shaker. After incubation for eight days, the conductivity of the medium was measured as the param eter for cell division growth (Grossmann et al., 1992) .
Hill reaction
Thylakoids were isolated from Vicia faba L. and effects on Hill reaction were studied as described by M ünster et al. (1995) with modifications. Iso lated thylakoids were suspended in reaction m e dium (0.75 ml) containing sucrose 0.1 m , tricineNaOH (pH 8.0) N-[2-hydroxy-l,l-bis(hydroxymethyl)ethyl]glycine 50 mM, magnesium chloride 5 mM and chlorophyll 41 [ig m l-1. The influence of the compounds on photosynthetic electron trans port in photosystem II was perform ed according to the m ethod of Avron and Shavit (1963) . The assay mixture included thylakoid suspension (0.23 ml), test compound dissolved in 80% aque ous acetone (v/v, 0.05 ml), and K-ferricyanide (0.02 ml). During the subsequent illumination, ferrocyanide was formed in the Hill reaction. Then, in darkness, the ferrocyanide was allowed to react with ferric salt to form the ferrous salt which pro duced a complex with phenanthroline. The com plex was measured photometrically at 510 nm.
Cress germination bioassay
Seeds of cress (Lepidum sativum L.) were placed in plastic Petri dishes (5 cm in diam eter) filled with a vermiculite substrate. Stock solutions of the test compounds in acetone were added, to gether with 8 ml water (Grossmann and Retzlaff, 1997) . Control seeds were m oistened only with water and acetone. The dishes were incubated in a growth chamber at 25 °C in the dark for five days. Inhibition of germination and seedling devel opm ent was evaluated visually (0 = no influence, 100 = total inhibition).
The results were expressed as percentage inhibi tion. Mean values of three replicates are given as the percentage inhibition relative to the control. Individual standard errors were less than 5%. All experiments were repeated at least twice and proved to be reproducible. The results of a repre sentative experiment are shown.
Histochemical determinations
Uniformly germinated seedlings of Zea mays (cv. Dea) with a root length of 3 cm were transfer red into 50-ml glass vessels (1 seedling/vessel, 3 replications) in Vi strength Linsmaier-Skoog nu trient solution (light/dark: 16/8 h at 25/20 °C and 75% relative humidity, 250 |.imol m~2 s_1, 400-700 nm; fluorescent lamps, Radium HRLV). After 15 h of adaptation, the compounds were added to the medium in acetone solution (0.1% final con centration of acetone). Controls received corre sponding amounts of acetone alone, with no ad verse effect on seedling growth. A fter 4 or 24 h of treatm ent, primary root tips of 5 mm length with meristematic and elongation zones were har vested. Then, root tips were fixed in 3.7% (v/v) formalin in phosphate buffered saline (PBS, pH 7.4) and em bedded in paraffin as described (Ruzin, 1999) . Longitudinal sections of 6 [im thick ness were obtained with a rotary microtome (Leica RM 2165, Bensheim, Germany).
Feulgen staining of sections for nucleic acids in volved acid hydrolysis and aldehyde reaction with the fluorescent Schiffs reagent pararosanilin ac cording to a standard protocol (Ruzin, 1999) . Mi croscopic observation was on an Olympus BX51 epifluorescence microscope (Hamburg, G er many).
Specific staining for cellulose was based on a modified method described by Taylor et al. (1996) . Root sections were deparaffinized and washed in phosphate-citrate buffer (pH 5.6) as described (Ruzin, 1999) . The sections were then subjected to an enzymatic digestion of hemicelluloses and pectins through incubation in phosphate-citrate buffer containing 1% (w/v) pectinase and 2% (w/v) hemicellulase (Sigma, Deisenhofen, G er many) for 50 min at 37 °C. After washing in phos phate-citrate buffer and PBS, the samples were in cubated in 100 |.il PBS containing 50 fig/ml bacterial cellulose-binding domain conjugated to biotin (Sigma) for 1 h at room tem perature. The domain was conjugated using a biotin-protein la beling kit as described (M olecular Probes Europe BY, Leiden, The Netherlands). The samples were then treated with streptavidin-oregon green 488 (Molecular Probes) for 30 min, washed in PBS and m ounted in a PBS/glycerol solution (1:1, v/v) for observation.
Microtubules were labeled with monoclonal an tibody against polymerised ß-tubulin (Sternberger Monoclonals, Lutherville, Maryland, USA), and followed by fluorescent Alexa 488-conjugated sec ondary antibody (Molecular Probes) using a modi fication of the method described (Ruzin, 1999; Eun et al., 2000) . First, root tips were fixed in 4% (w/v) paraformaldehyde in microtubule stabilising buffer (MSTB, pH 6.9) containing 60 mM PIPES (piperazine-N,N'-^«[2-ethanesulfonic acid]), 25 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), 10 mM EGTA (ethylene glycol-fr/s[ß-aminoethylether]-N,N,N',N'-tetraacetic acid), 0.2 g/1 M gS 04 x 6 H20 for 3 h and then, frozen in liquid nitrogen. Longitudinal sec tions of 15 |.im thickness were obtained with a cryostat (Frigocut-2800 E, Reichert-Jung, Leica, Bensheim, Germany) and placed on slides coated with 3-aminopropyltriethoxysilane. Then, the slides were incubated in MSTB containing 1% (w/v) bovine serum albumin for 30 min at 37 °C. Incubation with tubulin antibodies and the sec ondary antibodies was carried out for 1 h, respec tively, at 37 °C. The primary and secondary anti bodies were diluted with PBS containing 1% (w/v) bovine serum albumin to 1:400 and 1:50, respectively. Nuclear DNA was stained with Hoechst 33342 (1 ^ig/ml) for 10 min (Eun et al.,  2000) . The labeled slides were mounted with ProLong Antifade (Molecular Probes) for micro scopic observation.
Results and Discussion
Light-dependent effects
As shown in Table II , the diaminotriazines (for structures see Table I and chemical synthesis Fig  ures 1 -3 ) effectively inhibited the Hill reaction for photosystem II electron transport (PET) using iso lated thylakoids from Vicia faba with ferricyanide as electron acceptor. Based on the concentrations required for 50% inhibition (IC50), enantiom ers of triaziflam (2, 3) exhibited similar PET inhibitory activities. However, their activities were roughly 10 times lower than that of the reference PET in hibitor, atrazine. Enantiom ers of a triaziflam de- rivative substituted with 6-trifluoromethyl on the triazine ring (4, 5) also showed equivalent PET inhibitory activity, which was slightly higher than that of triaziflam (Table II) . However, when enantiomers of a triaziflam analogue without oxygen in the sidechain (6, 7) were compared, a notable chiral effect was observed (Table II) . The PET in hibitory activity of the (S')-form (7) was found to be 10 times stronger than that of the (/?)-form (6), and therefore nearly equivalent to that of atrazine (8): In general, the PET inhibitory activities of the diaminotriazines tested in vitro correlated with their effects on phototrophic growth in the green alga Scenedesmus acutus (Table II) . This suggests that the influence of triaziflam and its derivatives on phototrophic growth is triggered through an in hibition of PET activity which appears to be sim ilar to that of the conventional 1,3,5-triazine herbi cide, atrazine.
Effects in darkness
However, in addition to the light-dependent ef fects and contrast to atrazine, the diaminotriazines showed strong preem ergence activity on germinat ing seeds of cress in darkness (Table II) . With increasing compound concentration, seedling de velopment and elongation of hypocotyl and partic ularly roots were inhibited and both organs were swollen (Fig. 4) . Concomitantly, the hypocotyl tis sue appeared glassy, while the root developed as brown. In the case of the (7?)-isomer of triaziflam (2), root growth was completely inhibited at con centrations around 1 [am (Fig. 4) . In cress, these symptoms roughly resembled those caused by mi totic disrupter or cellulose-biosynthesis inhibiting herbicides. As reported by Omokawa et al. (1987) , structurally related a-substituted benzylamino-striazines exhibited phytotoxic properties distinct from those induced by atrazine, however, depend ent on the respective enantiom er used (Omokawa and Konnai, 1992; Omokawa et al., 1994) . The (S)-isomers were potent inhibitors against PET, whereas the (7?)-isomers showed growth regulat ing effects in the dark, including inhibition of shoot and root growth and secondary rhizome induction in Cyperus serotinus (Om okawa and Konnai, 1992; Omokawa et al., 1994) . The latter activity has been characterised as cytokinin-like (Omokawa et al., 1994) . In the cress germination test, the (7?)-enantiomers of triaziflam and its de rivatives were 100 (for triaziflam, 2) and 10 times (for the derivatives; 4, 6) more active than the (S)-forms (3, 5, 7; Table II, Fig. 4) . Similar results were obtained in heterotrophic suspension cultures of Galium mollugo (Table II) . This system offers an appropriate model system for m eristematic tissue, since growth is governed in both cases mainly by cell division activity and both cell species generally contain chloroplasts only as proplastids (Gross- mann et al., 1992). As shown in Table II , cell divi sion activity in Galium cell suspensions was partic ularly inhibited by the (7?)-enantiomers of the diaminotriazines (2, 4, 6).
Histochemical observations
Histochemical methods based on specific reac tions of dyes and m olecular probes for nucleic acids, ß-tubulin or cellulose were used to elucidate herbicide effects on cell division processes includ ing mitosis and microtubule and cell wall form a tion in maize roots. Studies focused on the enan tiomers of triaziflam, since these were the most potent compounds. Seedlings were treated with compounds for 4 and 24 h hydroponically. A l though less potent than mitotic disrupter herbi cides such as pendim ethalin (Vaughn, 2000) , com pounds caused characteristic meristematic root tip swelling into a club shape and reduced root elon gation (not shown). Tips of primary and adventi tious roots were sampled and serial longitudinal sections were processed for fluorescence micro scopic examination (Fig. 5) . In order to examine compound effects on mitosis and microtubules, the Feulgen method was applied for nuclei and chro mosome staining and microtubule arrays were vis ualized by means of monoclonal antibody against polymerized ß-tubulin. A fter 4 h of treatm ent with 10 [xm of triaziflam (R)-enantiom er (2), cell divi sion in the apical root meristem was completely blocked. The chromosomes proceeded to a con densed state of prometaphase, but were unable to progress further in the mitotic cycle (Fig. 5A ). Cells at metaphase, anaphase and telophase were not found. After 24 h, nuclear m em branes re formed around the chromosomes, resulting in strongly lobed nuclei and occasionally, in m icronu clei distant from the main nucleus (not shown). Effects of triaziflam (S)-enantiomer (3) were less pronounced. At 4 h after treatm ent with 10 ^m, a few cells at metapase or at later mitotic stages were present (Fig. 5A ).
Treatment with 10 j i m triaziflam (R )-enantiom er (2) for 4 h affected all microtubule arrays in m eri stematic maize root cells (Fig. 5B) . A decrease in cortical microtubules and a complete loss of pre prophase band and organized arrays of spindle and phragmoplast were caused. Kinetochore microtubules were misorientated and co-localized with condensed chromosomes of prom etaphase. Consequently, chromosomes cannot move to the poles of the cell during mitosis. In addition, loss of cortical microtubules were observed. This results in an increase in radial cell expansion and a con comitant decrease in elongation, which leads to the phenomemon of root clubbing in the zone of root elongation (Vaughn, 2000) . The microtubule disrupter activity of 10 (.im triaziflam (S)-enantiomer (3) was lower (Fig. 5B) . The overall loss of microtubules was less pronounced. Deposition of cellulose microfibrils in cell wall formation was studied using an isolated bacterial cellulose-binding domain conjugated to a fluores cent dye. Cellulose localization was conducted af ter enzymatic digestion of hemicelluloses and pec tins in sections of maize root tips. As shown in the micrographs (Fig. 5C ), treatm ent of maize roots with 10 [im of the (7?)-form of triaziflam (2) for 24 h reduced staining for cellulose in cell walls of meristematic tissue, compared to controls. The (7?)-form of triaziflam (2) was found to be signifi cantly more active than the (S)-form (3; Fig. 5C ). A fter treatm ent for 4 h, both enantiomers caused only slight changes (not shown). The cellulose microfibrils appeared to be randomly oriented in the cell walls particularly after exposure to tri aziflam (7?)-enantiomer (2). This points to an indi rect effect of triaziflam derived from microtubule disruption, because the orientation of newly de posited cellulose microfibrils are determ ined by cortical microtubules (Vaughn 2000) . However, the decrease in cellulose deposition in cell walls found after 24 h of treatm ent indicates inhibition of cellulose synthesis by triaziflam. This is in ac cordance with recent studies by K. Kreuz (Syngenta Crop Protection AG, Basel; based on a paper presented at a symposium held at Uni. Marburg, Germany, on 6th November 2000).
Conclusion
Triaziflam and the derivatives studied, showed a dual, enantioselective mode of action, which is based on (1) PET inhibitory activity under light conditions and (2) non-light-dependent effects on seedling and cell suspension growth. Taken to gether, the symptoms induced on dark-grown seedlings and the histochemical observations de scribed above showed that triaziflam blocks cell division enantioselectively -with the (7?)-form (2) as the most active isomer. The herbicide caused disruption of mitosis by inhibiting spindle and phragmoplast microtubule formation. This was followed by a loss of cortical microtubules leading to the production of isodiametric cell growth. The symptomatology of mitotic disruption resembles that caused by herbicides from the carbamate (e.g. propyzamide)-or dinitroaniline (e.g. pendimethalin)-type, but in comparison to the latter, the effi cacy of triaziflam is lower. As a secondary effect induced later after treatm ent, cellulose synthesis in cell wall form ation appeared to be affected. This could additionally prom ote the formation of iso diametric cells and consequently root swelling and could further lead to cellular damage.
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